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Abstract 
In this paper, we evaluate CO2 geochemical trapping mechanisms in a sandstone reservoir at Nagaoka, Japan, where 
the first Japanese pilot project for CO2 geological storage is underway. CO2 injection was conducted at a depth of 
approximately 1100 m from July 2003 to January 2005, and a total amount of 10,400 tons of CO2 was injected. More 
than seven years have now passed since post-injection monitoring was started. In September 2011 a second CHDT 
sampling was performed. Fluid sampling results from this showed that the proportion of solubility trapping increased 
and the potential for mineral trapping was indicated. 
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1. Introduction 
Carbon dioxide capture and storage (CCS) is one option for reducing CO2 emission from a large-scale 
point source. It is considered that storage security will increase with CO2 trapping processes; (1) 
structural trapping, (2) residual gas trapping, (3) solubility trapping and (4) mineral trapping. To ensure 
the safety of long-term CO2 storage monitoring, verification and accounting (MVA) are required. One of 
the key issues in evaluating CO2 storage security is to provide evidence for the existence of immobile 
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CO2 (residual CO2, dissolved CO2 and mineralized CO2) in the reservoir. Stored CO2 reacts with
formation water and rock in a saline aquifer and, over time, is altered to dissolved CO2 (e.g. CO2(aq) and 
HCO3-) and mineral CO2 (e.g. CaCO3). These geochemical reactions play an important role in increasing
the security of CO2 storage. To improve understanding of CO2 trapping contributions is increasingly
important in order to obtain public acceptance of CO2 geological storage.
2. The Nagaoka site
The Nagaoka site is located at an on-shore saline aquifer. The target reservoir is sandstone of the
Pleistocene Haizume Formation with a thickness of 60 m, and a CO2 injection layer (Zone 2) of 
approximately 12 m thick in the reservoir. The CO2 injection was conducted at a depth of approximately
1100 m, from July 2003 to January 2005, and a total amount of 10,400 tons of CO2 was injected. The 
temperature and pressure at the reservoir were 48 C and 10.8 MPa at injection well (IW-1). Injected CO2
was monitored at three observation wells (OB-2, -3 and -4) that surround IW-1 (Fig. 1). Over seven years
have passed since post-injection monitoring was started. As pressure responses have almost stabilized to
initial levels (Fig. 1), CO2 may migrate by its buoyancy now. In this paper, we focus on the geochemical
issues associated with this site. Geological issues are addressed in Chiyonobu et al. (GHGT-11) [1] and 
geophysical issues are found in Nakajima and Xue (GHGT-11) [2], and Sato et al. [3].
Fig. 1. Injection history and pressure responses at IW-1 ( ) and OB-4 (---).
3. Fluid sampling and analytical methods
Pressurized sub-surface fluids were collected twice from Zone 2 at OB-2 using a Cased Hole
Dynamics Tester (CHDT), a tool widely used in oil and gas fields. The CHDT can penetrate the casing,
measure formation pressure, sample formation fluid and plug the penetrated hole in a single trip.
Sampling points were selected based on results from time-lapse induction logging (Fig. 2). At the first 
CHDT sampling in December 2005, we confirmed an increase of the resistivity change from baseline
which was caused by the existence of free CO2, while decrease of that caused by the existence of 
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dissolved CO2 [4]. The sampling points used in this study, at depths of 1108.6 m, 1114.0 m and 1118.0 m,
are from here on referred to as 1-1108.6, 1-1114.0 and 1-1118.0, respectively.
The contour map of change in resistivity indicated that free CO2 began to decrease between 1113 and 
1117 m while dissolved CO2 increased below (1117~1120 m) and above (1109~1113 m) the CO2 bearing 
layer. At the second CHDT sampling in September 2011 we focused on the layers where the resistivity
change decreased. At a depth of 1118.0 m, dissolved CO2 was present for almost seven years and
therefore geochemical reactions must have occurred between this dissolved CO2 and the reservoir. Below 
a depth of 1118.0 m, the resistivity change also decreased but the rate of decrease was less than 5%. The
sample from a depth of 1119.5 m was used to check gradation of dissolved CO2 concentrations. At a
depth of 1112.0 m, existence of dissolved CO2 was shorter than a year, therefore the impact of 
geochemical reactions was considered to be small. The second set of sampling points at depths of 1112.0
m, 1118.0 m and 1119.5 m are from here on referred to as 2-1112.0, 2-1118.0 and 2-1119.5, respectively. 
Fig. 2. Resistivity change with time and sampling points by CHDT at the OB-2.
To prevent contamination with brine in the cased hole, formation fluids were taken serially into three
chambers (SU1, SU2 and SU3) at each depth (Fig. 3). In the formation fluid sample of SU1, down-hole
brine was contained more than 10% while it was less than 0.2 % in that of SU3.
After the CHDT was recovered at the surface, fluid samples were treated as follows. First, three gas-
tight samplers (1 mL) were connected to SU3 and formation fluid was introduced via maintenance of 
fluid pressure. The high-pressure sample was absorbed in monoethanolamine (MEA) solution, and the
concentration of dissolved inorganic carbon (dis-CO2) was measured using a total organic carbon (TOC)
analyzer. Second, the SU3 chamber was connected to a flow-through cell, in combination with a 
backpressure regulator, to measure pH by colorimetric analysis. Finally, the remaining fluid in the SU3
was released into a low-density polyethylene (LDPE) bottle at atmospheric pressure. The formation water 
contained soluble gases which escaped from the water under atmospheric pressure. Headspace gas in the 
LDPE bottle was collected with an Al bag to determine gas composition by gas chromatography. Part of 
the water sample was then filtered with a 0.2 m syringe filter and sealed in a LDPE bottle on site to
prevent further oxidation with ambient air. Water composition was measured by ion chromatography and
inductively coupled plasma atomic emission spectrometry (ICP-AES). 
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Fig. 3. Schematic showing fluid sampling procedure.
4. Results and discussion
4.1. Dissolution of CO2 and other chemical components in the second CHDT sampling
The concentrations of dissolved CO2 and pH measured without degassing of CO2 are shown in Fig. 4.
Partial pressures of CO2 (pCO2) at each depth were calculated using PHREEQC [5]. Under atmospheric
pressure, the concentrations of dissolved CO2 were 4.9 mM for 2-1112.0, 59.4 mM for 2-1118.0 and 3.4 
mM for 2-1119.5, while pH levels were 8.05 for 2-1112.0, 6.18 for 2-1118.0 and 9.32 for 2-1119.5. 
At a depth of 1112.0 m, the pCO2 was lower than the atmospheric pressure and it was concluded that 
the pH was buffered by a carbonate system. Thus pH levels between high and atmospheric pressure
conditions were almost equal. On the other hand, at 1118.0 m and 1119.5 m depths, dissolution of CO2
was controlled by pCO2. Here the pH levels under high pressure were lower than those under atmospheric 
pressure. Even though the concentration of dissolved CO2 for 2-1118.0 was higher than that of 2-1119.5, 
the pH level of 2-1118.0 was higher than that of 2-1119.5. At a depth of 1118.0 m, the concentrations of 
cations such as Ca, Mg and Fe were higher than those at 1119.5 m deep (Fig. 5). Cations were released 
from minerals by CO2 acidification, and the formation water was concluded to be neutralized by further
chemical reactions.
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Fig. 4. Dissolved CO2 concentration and pH measured under high-pressure conditions. Partial pressure of CO2 at the reservoir 
condition was calculated by PHREEQC.
Fig. 5. Concentrations of selected chemical components.
4.2. Potential for CO2 mineralization
According to our preliminary prediction, mineral trapping contributed 4% of the total trapping in the
10 years since injection started [4]. For this prediction, anorthite (CaAl2Si2O8) and tremolite
(Ca2Mg5Si8O22H2) provide Ca, thereby allowing calcite (CaCO3) to be precipitated. To examine the
potential for CO2 mineralization, the saturation index (SI) of calcite was calculated by PHREEQC. If SI
has a positive or negative value, it indicates conditions suitable for precipitation or dissolution 
respectively. The SIs calculated were 1.7 for 2-1112.0, 0.3 for 2-1118.0 and -2.0 for 2-1119.5 (Fig. 6).
At the 1112.0 m depth, reaction time with dissolved CO2 was less than a year and pH did not decrease.
It was therefore concluded that the reservoir condition was not as affected by CO2 so much. As a result
the SI at this level had a positive value. On the other hand, at 1119.5 m deep, the SI was significantly
lower and had a negative value. The reaction time with dissolved CO2 seemed to take almost a year and 
pH indicated a weakly acidic condition. Thus calcite did not precipitate at this depth. Meanwhile at a
depth of 1118.0 m, the pH was still weakly acidic but the SI had a positive value. The reaction time with 
dissolved CO2 at this depth was longer than seven years. Therefore, as Ca was available in the formation 
water, it was concluded that calcite would be readily precipitated in the reservoir at this depth.
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Fig. 6. The saturation index of calcite (CaCO3).
4.3. Temporal changes in chemical composition at a depth of 1118.0 m
Unfortunately, at the first CHDT sampling, measurements of dissolved CO2 concentrations and pH
under high pressure were not performed. Nevertheless, chemical composition measured under 
atmospheric pressure did provided important information on geochemical reactions.
The headspace gas contained CO2 levels of 0.8% in 1-1118.0, whereas at 2-1118.0 levels were at 98%.
With the accumulation of CO2, dissolved CO2 concentration increased from 38 mM to 59 mM. This
increase in dissolved CO2 is evidence of an increase in the contribution of solubility trapping. On the 
other hand, Ca concentration decreased from 19 mM to 13 mM. This decrease in Ca is considered to be 
further evidence for the precipitation of calcite. As the concentration of Si increased with time, formation 
water was partly neutralized by dissolution of some form of silicate minerals such as anorthite.
Fig. 7. Temporal changes in the concentrations of dissolved CO2, Ca and Si at a depth of 1118.0m. The concentration of dissolved 
CO2 was measured using ambient pressure samples. Thus dissolved CO2 concentrations in year 8.3 were lower than that seen in Fig. 
4.
5. Conclusions
The second CHDT sampling points had different reaction times with dissolved CO2. The progress of 
chemical reactions between CO2 and the reservoir was indicated in order of 2-1112.0, 2-1119.5 and 2-
1118.0. During initial CO2 dissolution, pH change was buffered by a carbonate system present in the
 Saeko Mito and Ziqiu Xue /  Energy Procedia  37 ( 2013 )  5449 – 5455 5455
formation water. Once this exceeded the capacity of the carbonate buffer, pH decreased and then minerals 
dissolved. By further geochemical reactions, formation water was neutralized and a potential for CO2 
mineralization was therefore suggested at the Nagaoka site. 
At the Nagaoka site, both results from the fluid sampling of the reservoir and the preliminary 
geochemical modeling support that geochemical trapping highly contributes to CO2 geological storage 
during the post-injection phase. The proportion of the reaction front (i.e. 2 rh) for the distribution area of 
CO2 (i.e. r2h) decreases as the injected amount of CO2 increases. Compared with a large-scale 
demonstration project (more than 1,000,000 tons of CO2 injected), a injecting small amounts of CO2 (only 
10,400 tons) has the advantage of highlighting geochemical reactions.  
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